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Changes in lipid metabolism and iron content are observed in the livers of patients with fatty
liver disease. The expression of hepcidin, an iron-regulatory and acute phase protein synthesized by the liver, is also modulated. The potential interaction of lipid and iron metabolism is largely unknown. We investigated the role of lipid intermediate, ceramide in the
regulation of human hepcidin gene, HAMP. Human hepatoma HepG2 cells were treated
with cell-permeable ceramide analogs. Ceramide induced significant up-regulation of
HAMP mRNA expression in HepG2 cells. The effect of ceramide on HAMP expression
was mediated through transcriptional mechanisms because it was completely blocked with
actinomycin D treatment. Reporter assays also confirmed the activation of 0.6 kb HAMP
promoter by ceramide. HepG2 cells treated with ceramide displayed increased phosphorylation of STAT3, JNK, and NF-κB proteins. However, ceramide induced the binding of
STAT3, but not NF-κB or c-Jun, to HAMP promoter, as shown by the chromatin immunoprecipitation assays. The mutation of STAT3 response element within 0.6 kb HAMP promoter
region significantly inhibited the stimulatory effect of ceramide on HAMP promoter activity.
Similarly, the inhibition of STAT3 with a pan-JAK kinase inhibitor and STAT3 siRNA pool
also diminished the induction of both HAMP promoter activity and mRNA expression by ceramide. In conclusion, we have shown a direct role for ceramide in the activation of hepatic
HAMP transcription via STAT3. Our findings suggest a crosstalk between lipid and iron
metabolism in the liver, which may contribute to the pathogenesis of obesity-related fatty
liver disease.

Introduction
More than one third of the US adult population is estimated to have non-alcoholic fatty liver
disease (NAFLD) [1] and its prevalence is further expanding to both developing countries and
children [2]. NAFLD, by definition, is the accumulation of fat (steatosis) in the livers of patients
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with no or little alcohol consumption [3]. Inflammation (steatohepatitis) and iron are important secondary risk factors for the progression of NAFLD to non-alcoholic steatohepatitis
(NASH), which can eventually lead to cirrhosis and hepatocellular carcinoma [4–7]. NAFLD/
NASH patients frequently display elevated levels of serum iron indices and hepatic iron content [8,9]. The deposition of iron in the liver correlates with disease severity and the development of fibrosis [10–12].
The discovery of hepcidin was instrumental in understanding the connection between
inflammation and iron homeostasis [13–16]. Hepcidin, mainly synthesized in the hepatocytes
of the liver, is both an acute phase protein and a pivotal regulator of iron metabolism [13–16].
Hepcidin controls systemic iron homeostasis by inhibiting the function of iron exporter ferroportin [17]. As an acute phase protein, hepcidin responds to inflammation. Hepcidin expression is hence regulated by the inflammatory cytokines, IL-1 and IL-6. The transcription of
hepcidin gene, HAMP has been shown to be activated by the binding of the transcription factor, STAT3 to HAMP promoter [14,15,18]. STAT3 is regulated by Janus kinases (JAK) via
phosphorylation of a conserved tyrosine residue near the C-terminus [19].
Several factors including increased gut permeability, adipose tissue-derived cytokines and
adipokines, Kupffer cell activation, and lipid accumulation induce inflammation in the livers of
NAFLD patients [7,20]. Hepcidin expression is modulated in NAFLD patients [12,21,22] but
the underlying mechanisms are unclear. In overly obese patients undergoing bariatric surgery,
a relationship between adipose tissue-derived IL-6, and elevated hepcidin expression in adipose
tissue has been shown [22].
Fat accumulation and inflammation in the livers of NAFLD patients stimulate the synthesis
of the sphingolipid, ceramide through de novo and sphingomyelinase pathways [23,24].
Accordingly, elevated hepatic fat content is associated with increased ceramide levels in obese
individuals [25] while weight loss is correlated with reduced pro-ceramide gene expression,
decreased serum ceramide levels, and the reversal of NASH pathogenesis in the liver [26]. Animal studies have also demonstrated that high fat intake increases ceramide production in the
liver [27] and the inhibition of ceramide synthesis reduces hepatic steatosis and improves insulin signaling [28,29]. The mechanisms by which ceramide participates in the pathogenesis of
NAFLD and the regulation of HAMP expression is unknown.
Although initially regarded simply as a structural component of biomembranes, ceramide
has recently been recognized as a signaling molecule [24]. Besides its negative effect on insulin
signaling [30], ceramide also activates inflammatory signaling pathways. Both the tyrosine
phosphorylation and DNA-binding activity of the transcription factor, STAT3 has been shown
to be stimulated by ceramide in a JAK-dependent manner in cultured fibroblast cells [31]. Ceramide has also been reported to activate the transcription factor, NF-κB and its down-steam
targets in HepG2 and other cells [32–34]. A role for c-Jun N-terminal kinase (JNK) has been
shown both in inflammation and steatosis in NAFLD [35]. The absence of JNK1 expression in
a knockout mouse model has been shown to inhibit steatohepatitis induced by methioninecholine deficient diet intake [36]. Upon phosphorylation and activation, JNK in turn phosphorylates serine residues in the N-terminal of c-Jun and thereby up-regulates its capability to
trans-activate genes harboring AP-1 enhancer sequences in the promoter region [37]. Ceramide has also been reported to stimulate JNK activation [38–40]. Despite being regulated by
metabolic changes and inflammation, and its direct participation in inflammatory signaling,
the effect of ceramide on hepatic HAMP expression is unknown. In the current study, we
investigated the mechanisms underlying HAMP regulation by ceramide in human hepatoma
cells.
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Materials and Methods
Reagents
Synthetic cell-permeable ceramide analogs, C2 (#62525), and C6 (#62510) ceramide, and panJAK kinase inhibitor, JAK inhibitor I (#15146) were purchased from Cayman Chemical. JNK
inhibitor, SP600125 was purchased from Enzo Life Sciences. siGENOME Human STAT3
siRNA SMART pool and control siRNA were obtained from Dharmacon.

Cell culture
HepG2 human hepatoma cells, obtained from the American Type Culture Collection (ATCC),
were maintained in high glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with glutamine and 10% fetal calf serum (Atlantic Biologicals). 1.3×106 or 3.9 ×106 cells were
seeded in 25 cm2 or 75 cm2 flasks, respectively overnight prior to experiments. Cells were
treated with ceramide analogs or solvent (0.1% DMSO), as control, for 8 hours. All inhibitors
were added 1 hour prior to treatments with ceramide or DMSO.

Transfections
Lipofectamine 3000 (Life Technologies) was employed for the transfection of plasmids for dual
luciferase assays. RNAiMax (Life Technologies) was used for the transfection of siRNAs. The
transfections were performed, as recommended by the manufacturers. For siRNA experiments,
two consecutive transfections, 24 hours apart, were performed.

RNA Isolation, cDNA Synthesis, and Real-Time Quantitative PCR
Analysis
RNA was isolated with Trizol reagent (Life Technologies), as described by the supplier. SuperScript II Reverse Transcriptase (Life Technologies) and random hexamers (Applied Biosystems) were used for cDNA synthesis. qPCR assays using Taqman probe and primers were
performed, as described previously [41].

XBP1-splicing assay
X-box binding protein 1 (XBP1) splicing assay is based on the fact that spliced form of XBP1
mRNA lacks the recognition sequence for Pst1 enzyme, which is present in the unspliced form
[42]. In brief, PCR was performed using cDNA, synthesized from HepG2 cell RNA, and a
XBP1 specific primer pair: (forward: 5’-AAACAGAGTAGCAGCTCAGACTGC-3’, reverse:
5’-TCCTTCTGGGTAGACCTCTGGGAG-3’). The amplicons 448 bp and 474 bp, which indicate spliced and unspliced forms of XBP1, respectively were subsequently digested with Pst I at
37°C for 2 hours. Following digestion, unspliced XBP1 amplicon (474 bp) yielded 290 bp and
183 bp fragments. The digested products were subjected to DNA agarose gel electrophoresis.
GAPDH, used as the loading control, was amplified with the following primer pair: (forward:
5’- TGGTATCGTGGAAGGACTC-3’, reverse: 5’- AGTAGAGGCAGGGATGATG-3’).

Cell lysis and western blotting
Cells were lysed with phopho-lysis buffer [10 mM Tris-HCl (pH 7.4), 100 mM NaCl, 5 mM
EDTA and 10% glycerol] supplemented with 1 mM PMSF, 0.5% Triton X-100, protease inhibitor cocktail, pepstatin A (Sigma-Aldrich), phosphatase inhibitor cocktail (Sigma), and activated
sodium orthovanadate (Acros Organics). Three rounds of 5 sec. sonications at 50% amplitude
with ultrasonic dismembrator 150T (Fisher Scientific) were performed to facilitate cell lysis.
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After removing cell debris by centrifugation (3000 x g for 5 min.), supernatants were used for
western blotting.
Western blotting was performed, as described previously [41]. Primary antibodies, antiPhospho-STAT3 (Tyr 705) (Cell signaling #9131), anti-STAT3 (#9132), anti-Phospho-JNK
(#9251), anti-JNK (9252), anti-Phospho-NF-κB p65 (#3033), anti-NF-κB p65 (#4764),
anti-GRP78 (Santa Cruz, # SC-166490), anti-CHOP (#SC-7351), anti-gapdh (Millipore,
#MAB374), and secondary anti-mouse or anti-rabbit antibodies (Cell signaling) were obtained
commercially. Immune-reactive bands were detected by the ImmunStar-AP Substrate (BioRad Laboratories).

Plasmid DNA constructs, mutagenesis and dual luciferase reporter
assays
For cloning, the 0.6 kb HAMP promoter region (+36 to -593) was amplified by PCR using Phusion High-Fidelity DNA Polymerase (Thermo Scientific) and specific primers [(Forward
primer with MluI site: 5’- GGACGCGTTGTCATTTATGGCCAAAAGTTTGCT-3’) (Reverse
primer with XhoI site: 5’- GACTCGAGTGAGCTTGCTCTGGTGTCTG-3’)]. Amplified and
purified PCR product was digested with the corresponding restriction enzymes, and inserted
into pGL3-Basic Luciferase Vector (Promega). The ligated plasmid was electroporated into
electro-competent DH5α bacterial cells with MicroPulse electroporator system (Bio-Rad). The
transformed bacteria were selected on LB Agar plates containing Ampicillin. Single colonies
were picked and cultured for plasmid purification with a commercial miniPrep kit (Qiagen).
The insert sequences of recombinant plasmids were verified by DNA sequencing. For transfections, plasmids purified by a MaxiPrep kit (Qiagen) were used.
Mutation of the consensus STAT3 DNA-binding site on the 0.6 kb HAMP promoter region
was performed with Quickchange II Site-Directed Mutagenesis kit (Agilent Technologies)
using specific primers: (forward: 5'-CTGTCTCATTTCCAGGTGGTGGCGCCGAAAA-3'
reverse: 5'-TTTTCGGCGCCACCACCTGGAAATGAGACAG-3'), as described by the
manufacturer.
HepG2 cells were transfected with either empty pGL-3 Basic vector (as control) or recombinant reporter vector, as described. pRL-SV40 plasmid was co-transfected as a reference for
transfection efficiency. Dual luciferase reporter assays were performed according to the manufacturer’s guidelines (Promega).

Promoter analysis and chromatin immunoprecipitation (ChIP) assays
The presence of consensus DNA-binding sites for transcription factors, STAT3 and AP-1
within the 0.6 kb HAMP promoter region have previously been identified [43,44]. We have
identified a putative NF-κB (subunit P65) binding site on 0.6kbp HAMP promoter (-583bp to
-592bp from ATG) by using MatInspector [45]. ChIP assays were performed, as described previously [46]. Briefly, 50 x106 HepG2 cells were fixed with 1% formaldehyde for 10 min. at
room temperature. The cross-linking was stopped with 0.1375M glycine solution. Cells,
washed twice with cold 1xPBS, were subsequently lysed with ChIP lysis buffer [5 mM PIPES
(pH 8.0), 85 mM KCl, 0.5% Nonidet P-40 (NP-40)] supplemented with protease inhibitors.
Nuclei fractions collected by centrifugation at 1000 x g for 10 minutes at 4°C, were lysed on ice
for 10 minutes with a lysis buffer [50 mM Tris-Cl (pH 8.0), 10 mM EDTA, 1% SDS, protease
inhibitors]. The lysates were then sonicated using ultrasonic dismembrator 150T (Fisher Scientific) with the following settings: (50% amplitude, 6 x 30 sec. cycles). 100 μg of chromatin was
pre-cleared for 2 hours at 4°C with 50 μl protein A-Agarose beads (Santa Cruz) blocked with
Herring Sperm DNA (Promega). 5 μl of the pre-cleared chromatin was saved as input control.
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Table 1. The sequence of primers used for ChIP assays.
Gene

Forward Primer

Reverse Primer

STAT3

GAGGGTGACACAACCCTGTT

ACCGAGTGACAGTCGCTTTT

NF-κB

TCATTTATGGCCAAAAGTTTGCT

CAAGCATCAGCGTGTGCC

c-Jun

TGAGGGTGACACAACCCTGT

CTGCTGGGTCTTGAGCTTGC

doi:10.1371/journal.pone.0147474.t001

The pre-cleared chromatin was then incubated overnight at 4°C with anti-STAT3 (Cell signaling, #9132), anti-NF-κB p65 (#4764), anti-c-Jun (Santa Cruz, #sc-45) antibodies or normal
rabbit/mouse IgG (Santa Cruz), as a negative control. The next day, chromatin and IgG complexes were captured by incubating with 50 μl of blocked protein A-Agarose beads for 2 hours
at 4°C. Immunoprecipitates were subjected to sequential washes as follows: (1x with low salt
buffer [20 mM Tris/HCl (pH 8.0), 2 mM EDTA, 150 mM NaCl, 0.1% SDS and 1% Triton X100], 1 X with high salt buffer [20 mM Tris/HCl (pH 8.0), 2 mM EDTA, 500 mM NaCl, 0.1%
SDS and 1% Triton X-100] and 1 X with lithium chloride wash buffer [10 mM Tris/HCl (pH
8.0), 1 mM EDTA, 250 mM LiCl, 1% Triton X-100, 1% Igepal and 1% deoxycholic acid], and
3x with 1x TE buffer. Washed chromatin was subsequently eluted using a freshly-prepared elution buffer (100 mM NaHCO3 and 1% SDS), and reverse cross-linked with 200 mM NaCl at
65°C overnight. The next day, samples were treated with DNase-free RNase and proteinase K
(Fisher Scientific), and purified using a commercial Qiaquick PCR purification kit (Qiagen).
HAMP promoter was amplified by PCR using specific primers designed with Primer-BLAST
(NCBI), as listed in Table 1.

Statistical Analysis
The significance of difference between groups was determined by Student’s t-test or one-way
ANOVA with Tukey's HSD post-hoc test by using SPSS software. A value of P < 0.05 was
accepted as statistically significant.

Results
In order to study the role of ceramide in the regulation of HAMP expression, human hepatoma
HepG2 cells were treated with synthetic cell-permeable ceramide analogs, C2 and C6 ceramide.
These analogs are commonly used to study the effects of ceramide in different experimental
systems [23,39,47]. We chose 30 μM and 60 μM ceramide analog concentrations because they
are widely used in other studies [33,48] and our preliminary studies have also shown that cells
treated with these concentrations for 8 hours exhibit over 90% cell viability. Similar ceramide
concentrations have also been detected in the plasma of human NAFLD patients [27] and in
lipid-infused rats [49]. We treated control cells with solvent (0.1% DMSO).
The effect of ceramide analogs on hepcidin expression was determined by measuring the
level of HAMP mRNA by qPCR, as described in the experimental procedures. HepG2 cells
treated with 30 μM or 60 μM of C2 ceramide displayed an 1.78 ± 0.35 and 3.43 ± 0.39 -fold
increase in HAMP expression, respectively, compared to control cells treated with solvent (Fig
1A). Both C2 and C6 ceramide analogs significantly elevated HAMP mRNA expression (Fig
1A). Since, C2 exerted a more potent effect than C6 under similar experimental conditions, we
employed C2 ceramide analog for further experiments.
Studies to this date have shown that HAMP expression is regulated via transcription [44,50–
52]. To determine whether ceramide also regulated HAMP at the transcriptional level, we
employed the transcription inhibitor, actinomycin D. For these experiments, HepG2 cells were
treated with ceramide or solvent in the presence of either actinomycin D or DMSO, as control.
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Fig 1. Ceramide analogs induced HAMP transcription. (A) HAMP mRNA expression in HepG2 cells,
treated with 30 μM or 60 μM of C2 and C6 ceramide or solvent (solv.) control for 8 hours, was determined by
Taqman qPCR, as described in experimental procedures. HAMP mRNA levels in ceramide-treated cells was
expressed as fold change of that in solvent-treated cells. (B) HepG2 cells were treated with 60 μM C2
ceramide or solvent in the presence of either 1μg/ml actinomycin D (ACTD) or DMSO as control. HAMP
mRNA expression, determined by qPCR, in treated cells was calculated as fold change of that in control cells,
incubated with solvent and DMSO. (C) The effect of ACTD on HAMP up-regulation induced by ceramide was
shown by calculating HAMP expression in C2 ceramide-treated cells as fold change of that in cells treated
with solvent. (D) HepG2 cells, transfected with pGL-3 basic vector harboring 0.6kbp HAMP promoter (HAMPProm-Luc) or empty pGL-3 basic vector (vector), and pRL-SV40 plasmid as control for transfection efficiency,
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were treated with 60 μM C2 ceramide or solvent for 8 hours. Dual luciferase report assays were performed,
as described in the experimental procedures. HAMP promoter activity, expressed in relative luciferase units,
was calculated as fold change of that in cells transfected with the empty vector and treated with solvent.
Asterisks indicate statistical significance (P<0.05).
doi:10.1371/journal.pone.0147474.g001

The addition of DMSO did not alter C2 ceramide-mediated induction of HAMP mRNA
expression (Fig 1B). Actinomycin D by itself significantly decreased the level of HAMP mRNA
in HepG2 cells (Fig 1B), Simultaneous treatment of HepG2 cells with actinomycin D and ceramide completely blocked ceramide-induced HAMP mRNA up-regulation (Fig 1B and 1C).
To further confirm the involvement of transcriptional mechanisms in HAMP regulation by
ceramide, reporter assays were performed using a 0.6 kb region of HAMP promoter, which
harbors binding sites for various transcription factors [43,52] (Fig 1D). HepG2 cells, transfected with either empty pGL-3 basic vector or vector containing 0.6kb HAMP promoter
(HAMP-Prom-Luc), were co-transfected with pRL-SV40 plasmid encoding renila luciferase as
a reference for transfection efficiency, as described in experimental procedures. A significantly
higher level of luciferase activity was detected in cells transfected with the vector harboring
HAMP promoter compared to cells transfected with the empty pGL-3 basic vector (Fig 1D).
Ceramide treatment further increased reporter activity in HepG2 cells transfected with
HAMP-Prom-Luc, but not with empty vector (Fig 1D). Both actinomycin D and reporter
assay studies have shown that ceramide activates HAMP transcription in HepG2 cells, and that
this activation is conveyed through cis-elements contained within the 0.6 kb HAMP promoter
region.
Ceramide treatment has been reported to induce the activation of various inflammatory signaling pathways including JAK/STAT3, NF-κB and JNK/c-Jun in vitro [31–34,38–40]. However, its signaling effect in hepatoma cells is largely unknown. Therefore, western blots were
performed using specific anti-phospho antibodies to examine the activating status of these signaling molecules (Fig 2A and 2B). STAT3 is phosphorylated on tyrosine (Tyr 705) residue by
JAK kinases for activation [53]. Ceramide significantly stimulated the tyrosine phosphorylation
of STAT3 in HepG2 cells (Fig 2A). HepG2 cells treated with recombinant IL-6, as a positive
control, also displayed STAT3 phosphorylation at tyrosine 705, confirming the specificity and
sensitivity of our antibody and western blotting assays (Fig 2A). The expression level of total
STAT3 protein in HepG2 cells was not altered by ceramide or IL-6 (Fig 2A). Similar to STAT3,
ceramide also stimulated the phosphorylation of NF-κB subunit P65 and JNK (Fig 2B) in
HepG2 cells.
In order to determine the role of ceramide-induced signaling pathways in HAMP transcriptional activation, various experiments were performed. Chromatin immunoprecipitation
(ChIP) assays were utilized to identify the transcription factors physically interacting with
HAMP promoter in ceramide-treated HepG2 cells (Fig 3A and 3B). Specific commercial antibodies validated for ChIP assay were employed to detect the binding of transcription factors,
STAT3, NF-κB and c-Jun to HAMP promoter. Same concentrations of normal rabbit or mouse
IgG were used as negative controls. The primers used for ChIP analysis (Table 1) amplified
HAMP promoter regions, which harbored consensus sites for respective transcription factors
(STAT3: -135bp to -143bp; AP-1: -126bp to -134bp; NF-κB P65: -583bp to -592bp proximal to
the start codon, ATG). ChIP assay results indicated that ceramide significantly increased the
binding of STAT3 to HAMP promoter, compared to solvent treatment in HepG2 cells (Fig
3A). As a positive control, HepG2 cells were treated with the cytokine, IL-6, a well-characterized inducer of HAMP transcription through STAT3 activation [15]. IL-6 stimulated the binding of STAT3 to HAMP promoter, which validated our ChIP assay system (Fig 3B). Unlike
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Fig 2. The effect of ceramide on the phosphorylation of STAT3, JNK and NF-κB in HepG2 cells. Protein
lysates isolated from HepG2 cells treated with 60 μM C2 ceramide or solvent control, and 40 ng/ ml
recombinant IL-6 or PBS control for 8 hours, were employed for western blotting to determine the level of total
or phosphorylated proteins. Total STAT3 (T-STAT3) or STAT3 phosphorylated on tyrosine 705 (P-STAT3)
(A), total (T-P65) or phosphorylated (P-P65) NF-κB subunit P65, and total (T-JNK) or phosphorylated-JNK
(P-JNK) (B) protein levels were determined by using specific antibodies. An anti-gapdh antibody was
employed as a protein loading control.
doi:10.1371/journal.pone.0147474.g002

STAT3, ceramide did not activate the binding of NF-κB p65 subunit to HAMP promoter (Fig
3A). In contrast, the binding of c-Jun, a classical transcription factor activated by JNK, to HAMP
promoter was weaker in ceramide-treated HepG2 cells compared to that in solvent-treated cells
(Fig 3A). Our ChIP results were specific because no significant immune precipitation was
observed with control IgG samples in any of our ChIP assays (representative images are shown
in Fig 3A and 3B). Furthermore, equal amount of chromatin was used across the samples in our
ChIP assays, as shown by the total amount of chromatin input (Fig 3A and 3B).
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Fig 3. Ceramide stimulated the binding of STAT3, but not NF-κB subunit P65 or c-Jun, to HAMP
promoter. (A) Chromatin, isolated from HepG2 cells treated with 60 μM C2 ceramide or solvent (solv.) for 8
hours and fixed with 1% formaldehyde, was incubated with antibodies specific for STAT3, NF-κB subunit P65
or c-Jun for chromatin immunoprecipitation (ChIP) assays, as described in the experimental procedures.
Normal rabbit or mouse IgG were employed as negative controls. Immunoprecipitated and purified chromatin
and total input chromatin (loading control) were used for PCR to amplify a HAMP promoter region harboring
corresponding consensus sequences by using specific primers. Representative images of amplicons,
analyzed by DNA agarose gel electrophoresis, visualized by ethidium bromide staining, and captured using
Gel Doc XR+ system (Bio-Rad), are shown. (B) ChIP assays were performed with HepG2 cells treated with
recombinant IL-6 or PBS (control) by using anti-STAT3 antibodies, as described above.
doi:10.1371/journal.pone.0147474.g003

To validate the direct involvement of STAT3 in ceramide-mediated transcriptional regulation of HAMP, the STAT3 response element in the 0.6kbp HAMP promoter reporter construct
was mutated, as described in the experimental procedures. Luciferase reporter assays were then
performed with pGL-3 basic vectors harboring the wild-type or mutated HAMP promoter (Fig
4A). Mutation of the STAT3 response element (ΔSTAT3) significantly diminished the
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Fig 4. The effect of STAT3 response element mutation on HAMP promoter activation by ceramide. The
single STAT3 response element within 0.6kbp HAMP promoter region cloned in pGL3 basic vector was
mutated, as described in the experimental procedures. HepG2 cells, transfected with pGL3-basic vector
harboring wild-type (WT) or mutated (ΔSTAT3) 0.6 kb HAMP promoter, or empty vector (vector) as negative
control, and pRL-SV40 plasmid, as control for transfection efficiency, were treated with (A) 60 μM C2
ceramide (C2) and solvent control (solv.) or (B) 40 ng/ ml IL-6 and PBS control for 8 hours. Dual luciferase
reporter assays were performed, as described in the experimental procedures. HAMP promoter activity,
expressed in relative luciferase units, in treated cells was calculated as fold change of that in control cells
transfected with empty vector-and treated with solvent. Asterisks indicate statistical significance (P<0.05).
doi:10.1371/journal.pone.0147474.g004

stimulatory effect of ceramide on HAMP promoter, confirming the direct involvement of
STAT3 (Fig 4A). We validated the mutated promoter construct with IL-6 treatment because
this STAT3 response element is required for IL-6-responsiveness of HAMP promoter [15,44].
Accordingly, the mutation of STAT3 response element (ΔSTAT3) abolished IL-6-induced
HAMP promoter activation (Fig 4B).
In order to study the involvement of JAK/STAT3 signaling in the transcriptional regulation
of HAMP expression induced by ceramide, STAT3 siRNA and a chemical pan-JAK kinase
inhibitor, JAK inhibitor I were employed (S1A and S1B Fig). The specificity of STAT3 siRNA
was confirmed by real-time PCR and western blotting. The levels of STAT3 mRNA (S1A Fig)
and protein (S1A Fig inset) expression were significantly inhibited by STAT3 siRNA as compared to control siRNA-transfected HepG2 cells. JAK inhibitor I treatment significantly inhibited ceramide-induced phosphorylation of STAT3 at residue Tyr 705 under our experimental
conditions, as confirmed by western blotting (S1B Fig).
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Fig 5. Activation of STAT3 signaling was required for the induction of HAMP transcription by ceramide (A) HAMP mRNA expression in HepG2 cells,
treated with solvent (solv.) or C2 ceramide for 8 hours in the presence of either 5 μM JAK inhibitor I or DMSO (control), was determined by Taqman qPCR.
HAMP expression in treated cells was calculated as fold change of that in respective control cells treated with solvent. (B) HepG2 cells, pre-transfected with
STAT3 or control siRNA, were treated with C2 ceramide or solvent (solv.) in the presence of 5 μM JAK inhibitor I or DMSO. HAMP mRNA levels, determined
by qPCR, were expressed as fold expression of that in respective controls treated with solvent. (C) HepG2 cells, transfected with pGL3-basic vector
harboring 0.6 kb HAMP promoter, were treated with C2 ceramide or solvent (solv.) for 8 hours in the presence or absence of 5 μM JAK inhibitor I. Dual
luciferase assays were performed and HAMP promoter activity, calculated as fold change of that in corresponding control cells treated with solvent, was
expressed in relative luciferase units. (D) HepG2 cells, pre-transfected with STAT3 or control siRNA, were subsequently transfected with pGL3-basic vector
harboring 0.6 kb wild-type HAMP promoter. After treatment with solvent (solv.) and C2 ceramide in the presence of either JAK inhibitor I or DMSO, dual
luciferase reporter assays were performed. HAMP promoter activity, expressed as relative luciferase units, was expressed as fold change of that in
respective control cells treated with solvent. Asterisks indicate statistical significance (P<0.05).
doi:10.1371/journal.pone.0147474.g005

The effect of JAK inhibitor I on the regulation of HAMP mRNA expression by ceramide
was determined by qPCR (Fig 5A). The addition of DMSO, which is the vehicle for JAK inhibitor I did not affect ceramide-induced HAMP up-regulation (3.44 ± 0.41 fold). In comparison,
ceramide-mediated induction of HAMP expression was significantly attenuated by JAK inhibitor I (2.28 ± 0.23 fold) (Fig 5A). Since the inhibition was incomplete, HepG2 cells were further
pre-treated with both STAT3 siRNA and JAK inhibitor I. Control cells were administered with
control siRNA and DMSO in parallel. Both groups of pre-treated cells were then subjected to
either ceramide or DMSO (control) treatment and HAMP mRNA expression was determined
(Fig 5B). Control siRNA and DMSO pre-treatment did not alter the effect of ceramide on
HAMP mRNA expression levels (3.15 ± 0.05 fold increase Fig 5B). By contrast, the combined
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Fig 6. Ceramide-induced HAMP up-regulation was not dependent on c-Jun N-terminal kinase (JNK) phosphorylation. HepG2 cells treated with
ceramide or solvent in the presence of 50 μM chemical JNK inhibitor, Sp600125 or DMSO (control) were used to isolate protein (A) for western blotting to
determine phosphorylated (P-JNK) and total JNK protein (T-JNK) levels using specific antibodies or to isolate RNA (B) to determine HAMP mRNA
expression by Taqman qPCR. HAMP expression in ceramide-treated cells was calculated as fold expression of that in respective control cells treated with
solvent. Asterisks indicate statistical significance (P<0.05).
doi:10.1371/journal.pone.0147474.g006

pre-treatment with STAT3 siRNA and JAK inhibitor I decreased the induction of HAMP
mRNA expression by ceramide (1.57 ± 0.09 fold increase Fig 5B). The effect of JAK inhibitor I
and STAT3 siRNA on ceramide-induced HAMP promoter activation was further examined
with luciferase reporter assays (Fig 5C and 5D). HepG2 cells, transfected with pGL-3 basic vector harboring 0.6 kbp HAMP promoter, were treated with ceramide or solvent in the presence
of either JAK inhibitor I or DMSO as control. Ceramide treatment induced a 2.16 ± 0.32 fold
increase in HAMP promoter activity, as compared to control cells treated with solvent in the
presence of DMSO. In contrast to DMSO, the addition of JAK inhibitor I significantly diminished ceramide-induced HAMP promoter activation (1.69 ± 0.21 fold) (Fig 5C). The level of
inhibition was stronger with the combined pre-treatment of STAT3 siRNA and JAK inhibitor I
(1.39 ± 0.10 fold) (Fig 5D). HepG2 cells pre-treated with control siRNA and DMSO displayed
2.22 ± 0.36 fold increase in HAMP promoter activity following ceramide treatment (Fig 5D).
The mutation of STAT3 response element or the inhibition of STAT3 did not completely
eliminate the stimulatory effect of ceramide on HAMP promoter activity and mRNA expression. The residual activation may be facilitated by other signaling pathways stimulated by ceramide. We therefore examined the involvement of JNK and ER stress, which are activated by
ceramide. To study the effect of ceramide-induced JNK activation on HAMP expression, we
employed SP600125 a specific chemical inhibitor of JNK activation [54]. HepG2 cells were
treated with ceramide in the presence of SP600125 or DMSO, as control. The inhibition of ceramide-induced JNK phosphorylation by SP600125 was confirmed by western blotting using
anti-phospho-JNK antibodies (Fig 6A). DMSO did not exert any specific effect on JNK phosphorylation (Fig 6A). Ceramide-induced phosphorylation of JNK was significantly blocked by
SP600125 treatment under our experimental conditions (Fig 6A). The effect of SP600125 on
ceramide-mediated increase in HAMP mRNA expression levels was examined by qPCR.
Despite inhibiting JNK phosphorylation, SP600125 did not interfere with the induction of
HAMP mRNA by ceramide treatment in HepG2 cells (Fig 6B). These results exclude a role of
JNK in the up-regulation of HAMP expression by ceramide.
Ceramide has been shown to trigger ER stress in neuronal cells and various cancer cell lines
[55–57] but not in HepG2 cells. Independent studies have also reported activation of hepatic
HAMP transcription by ER stress [58]. We determined the effect of ceramide on ER stress in
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Fig 7. Ceramide did not induce ER stress in HepG2 cells (A) HepG2 cells, treated with 60 μM C2
ceramide and solvent (solv.) control or 10 μg/ml tunicamycin (TUNI), as positive control, for 8 hours were
used for XBP1 splicing assay, as described in the experimental procedures. (B) Whole cell lysates from
solvent (solv.) or ceramide-treated HepG2 cells were employed for western blotting to determine GRP78 and
CHOP protein expression using specific antibodies. An anti-gapdh antibody was employed as a protein
loading control.
doi:10.1371/journal.pone.0147474.g007

HepG2 cells by XBP1-splicing assay, as described in experimental procedures. Spliced form of
XBP1 was employed as an ER stress marker because ER stress-activated inositol-requiring
enzyme 1 (IRE1) is known to splice X-box binding protein 1 (XBP1) mRNA [59]. Tunicamycin, a well-known chemical ER stress inducer [60], was also used as a positive control. Tunicamycin significantly increased the spliced and decreased the unspliced forms of XBP1,
confirming the validity of our assay (Fig 7A). In contrast, ceramide treatment of HepG2 cells
did not induce any significant changes in XBP1 splicing compared to solvent-treated control
cells (Fig 7A). Furthermore, ceramide did not alter the protein expression of GRP78 and
CHOP, known markers of ER stress activation, supporting the conclusion that ER stress is not
activated by ceramide in HepG2 cells (Fig 7B).

Discussion
Both inflammation and dysregulation of iron homeostasis correlate with disease severity in
NAFLD patients [5–7,61]. Since hepcidin is both an acute phase and iron-regulatory protein,
and its expression is modulated in NAFLD, it is important to understand HAMP regulation by
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different lipids. Here, we have shown a specific role for the lipid species, ceramide in the regulation of HAMP transcription via the activation of JAK/STAT3 signaling in human hepatoma
cells.
Besides actinomycin D, our promoter assays also indicated the effect of ceramide on HAMP
transcription, which was confined to a 0.6kbp promoter region proximal to the translation initiation site. The STAT3 response element, harbored within this region of HAMP promoter, has
previously been reported to mediate the transcriptional regulation of HAMP by IL-6 [15,44]. It
is however unknown whether the activation of JAK/STAT3 signaling by other stimuli such as
ceramide also exerts similar effects on HAMP transcription. Our findings in this study confirmed the presence of such a mechanism in human hepatoma cells. Firstly, ceramide induced
the phosphorylation of STAT3 on tyrosine 705, and its interaction with HAMP promoter in
HepG2 cells. Secondly, the mutation of this particular STAT3 response element significantly
inhibited the stimulatory effect of ceramide on HAMP promoter activity, indicating the
requirement for STAT3 binding to HAMP promoter for the activation of HAMP transcription
by ceramide. Furthermore, inhibition of STAT3 with a chemical inhibitor and siRNA significantly decreased the stimulatory effect of ceramide on HAMP promoter activity and mRNA
expression.
Although we have established a novel role for ceramide in hepcidin regulation, it is also
important to note that this may not be entirely mediated by JAK/STAT3 signaling. Namely,
the positive effect of ceramide on hepcidin mRNA expression and promoter activity was not
completely blocked by the inhibition of JAK/STAT3 signaling. Moreover, despite the mutation
of STAT3 response element within 0.6 kb HAMP promoter, a residual activation of HAMP
promoter was still observed in ceramide-treated HepG2 cells. On the other hand, this mutation
completely reversed the effect of IL-6. These results indicate that unlike IL-6, ceramide may
not be completely dependent on STAT3 for HAMP promoter activation, and utilizes additional
signaling pathways. Accordingly, we have shown the stimulation of NF-κB and JNK phosphorylation by ceramide in HepG2 cells. Similar effects were also reported in other cells [32,33,38–
40]. Despite elevated phosphorylation, our ChIP assays did not detect changes in NF-κB binding to HAMP promoter. Interestingly, ceramide weakened the basal level of c-Jun binding to
HAMP promoter. This negative effect does not involve JNK because ceramide stimulated JNK
phosphorylation in HepG2 cells. It may be due to a potential competition with STAT3 because
their response elements are in close proximity within 0.6kb HAMP promoter region (i.e. AP-1:
-125 to -134; STAT3: -135 to -143 proximal to ATG). Additionally, our results with SP600125,
which inhibited JNK phosphorylation but did not alter ceramide-induced HAMP expression,
also exclude a role for JNK/c-Jun signaling in the regulation of HAMP transcription by
ceramide.
Aberrant lipid metabolism in animal models of obesity [62] and treatment of human cancer
cells with ceramide [55,57] have been shown to trigger ER stress. Experimental ER stress inducers are known to activate HAMP transcription [58]. However, ceramide failed to induce ER
stress in HepG2 cells under our experimental conditions. Similarly, a role for ceramide was
excluded in ER stress induced by saturated fatty acids in liver cells [63]. Although NF-κB, JNK/
c-Jun or ER stress are not involved, this does not exclude a role for other pathways, which may
potentially act in synergy with JAK/STAT3 signaling to mediate the activation of HAMP transcription by ceramide in liver cells.
In summary, we have demonstrated a novel role for the biologically active lipid intermediate, ceramide in the transcriptional regulation of HAMP in human liver cells. Our findings
have also indicated that ceramide can directly activate inflammatory signaling in hepatocytes
in vitro in the absence of macrophages or cytokines. This study establishes an important link
between lipid-mediated inflammation and iron metabolism, which may have implications for
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fatty liver disease pathology and obesity. The involvement of ceramide and hepcidin in
NAFLD disease progression warrants further research.

Supporting Information
S1 Fig. STAT3 protein and mRNA expression, and ceramide-induced activation of STAT3
were inhibited by STAT3 siRNA and JAK inhibitor I, respectively.
(DOCX)

Author Contributions
Conceived and designed the experiments: SL DHF. Performed the experiments: SL SKN. Analyzed the data: SL SKN JLM KKK DHF. Contributed reagents/materials/analysis tools: SL SKN
JLM KKK DHF. Wrote the paper: SL DHF. Critically revised the manuscript: SKN JLM KKK
DHF.

References
1.

Birkenfeld AL, Shulman GI. Nonalcoholic fatty liver disease, hepatic insulin resistance, and type 2 Diabetes. Hepatology. 2014; 59: 713–723. doi: 10.1002/hep.26672 PMID: 23929732

2.

Loomba R, Sanyal AJ. The global NAFLD epidemic. Nat Rev Gastroenterol Hepatol. 2013;advance
online publication. doi: 10.1038/nrgastro.2013.171

3.

Dowman JK, Tomlinson JW, Newsome PN. Pathogenesis of non-alcoholic fatty liver disease. QJM.
2010; 103: 71–83. doi: 10.1093/qjmed/hcp158 PMID: 19914930

4.

Marchesini G, Bugianesi E, Forlani G, Cerrelli F, Lenzi M, Manini R, et al. Nonalcoholic fatty liver, steatohepatitis, and the metabolic syndrome. Hepatology. 2003; 37: 917–923. doi: 10.1053/jhep.2003.
50161 PMID: 12668987

5.

Nelson JE, Klintworth H, Kowdley KV. Iron Metabolism in Nonalcoholic Fatty Liver Disease. Curr Gastroenterol Rep. 2012; 14: 8–16. doi: 10.1007/s11894-011-0234-4 PMID: 22124850

6.

Aigner E. Dysregulation of iron and copper homeostasis in nonalcoholic fatty liver. World J Hepatol.
2014; 7: 177. doi: 10.4254/wjh.v7.i2.177

7.

Tilg H, Moschen AR. Evolution of inflammation in nonalcoholic fatty liver disease: The multiple parallel
hits hypothesis. Hepatology. 2010; 52: 1836–1846. doi: 10.1002/hep.24001 PMID: 21038418

8.

Mendler M-H, Turlin B, Moirand R, Jouanolle A-M, Sapey T, Guyader D, et al. Insulin resistance–associated hepatic iron overload. Gastroenterology. 1999; 117: 1155–1163. doi: 10.1016/S0016-5085(99)
70401-4 PMID: 10535879

9.

Martinelli N, Traglia M, Campostrini N, Biino G, Corbella M, Sala C, et al. Increased Serum Hepcidin
Levels in Subjects with the Metabolic Syndrome: A Population Study. PLoS ONE. 2012; 7: e48250. doi:
10.1371/journal.pone.0048250 PMID: 23144745

10.

Valenti L, Fracanzani AL, Bugianesi E, Dongiovanni P, Galmozzi E, Vanni E, et al. HFE Genotype,
Parenchymal Iron Accumulation, and Liver Fibrosis in Patients With Nonalcoholic Fatty Liver Disease.
Gastroenterology. 2010; 138: 905–912. doi: 10.1053/j.gastro.2009.11.013 PMID: 19931264

11.

Nelson JE, Wilson L, Brunt EM, Yeh MM, Kleiner DE, Unalp‐Arida A, et al. Relationship between the
pattern of hepatic iron deposition and histological severity in nonalcoholic fatty liver disease. Hepatology. 2010; 53: 448–457. doi: 10.1002/hep.24038 PMID: 21274866

12.

Nelson JE, Brunt EM, Kowdley KV, for the Nonalcoholic Steatohepatitis Clinical Research Network.
Lower serum hepcidin and greater parenchymal iron in nonalcoholic fatty liver disease patients with
C282Y HFE mutations. Hepatology. 2012; 56: 1730–1740. doi: 10.1002/hep.25856 PMID: 22611049

13.

Pigeon C, Ilyin G, Courselaud B, Leroyer P, Turlin B, Brissot P, et al. A New Mouse Liver-specific Gene,
Encoding a Protein Homologous to Human Antimicrobial Peptide Hepcidin, Is Overexpressed during
Iron Overload. J Biol Chem. 2001; 276: 7811–7819. doi: 10.1074/jbc.M008923200 PMID: 11113132

14.

Nemeth E, Rivera S, Gabayan V, Keller C, Taudorf S, Pedersen BK, et al. IL-6 mediates hypoferremia
of inflammation by inducing the synthesis of the iron regulatory hormone hepcidin. J Clin Invest. 2004;
113: 1271–1276. doi: 10.1172/JCI200420945 PMID: 15124018

15.

Wrighting DM, Andrews NC. Interleukin-6 induces hepcidin expression through STAT3. Blood. 2006;
108: 3204–3209. doi: 10.1182/blood-2006-06-027631 PMID: 16835372

PLOS ONE | DOI:10.1371/journal.pone.0147474 January 25, 2016

15 / 18

Hepatic HAMP Transcription Is Stimulated by Ceramide via STAT3

16.

Hunter HN, Fulton DB, Ganz T, Vogel HJ. The Solution Structure of Human Hepcidin, a Peptide Hormone with Antimicrobial Activity That Is Involved in Iron Uptake and Hereditary Hemochromatosis,. J
Biol Chem. 2002; 277: 37597–37603. doi: 10.1074/jbc.M205305200 PMID: 12138110

17.

Ganz T. Hepcidin and the Global Burden of Iron Deficiency. Clin Chem. 2015; 61: 577–578. doi: 10.
1373/clinchem.2014.229179 PMID: 25492087

18.

Lee P, Peng H, Gelbart T, Wang L, Beutler E. Regulation of hepcidin transcription by interleukin-1 and
interleukin-6. Proc Natl Acad Sci U S A. 2005; 102: 1906–1910. doi: 10.1073/pnas.0409808102 PMID:
15684062

19.

Rawlings JS, Rosler KM, Harrison DA. The JAK/STAT signaling pathway. J Cell Sci. 2004; 117: 1281–
1283. doi: 10.1242/jcs.00963 PMID: 15020666

20.

György B. Kupffer cells in non-alcoholic fatty liver disease: The emerging view. J Hepatol. 2009; 51:
212–223. doi: 10.1016/j.jhep.2009.03.008 PMID: 19447517

21.

Aigner E, Theurl I, Theurl M, Lederer D, Haufe H, Dietze O, et al. Pathways Underlying Iron Accumulation in Human Nonalcoholic Fatty Liver Disease. Am J Clin Nutr. 2008; 87: 1374–1383. PMID:
18469261

22.

Bekri S, Gual P, Anty R, Luciani N, Dahman M, Ramesh B, et al. Increased Adipose Tissue Expression
of Hepcidin in Severe Obesity Is Independent From Diabetes and NASH. Gastroenterology. 2006; 131:
788–796. doi: 10.1053/j.gastro.2006.07.007 PMID: 16952548

23.

Pagadala M, Kasumov T, McCullough AJ, Zein NN, Kirwan JP. Role of ceramides in nonalcoholic fatty
liver disease. Trends Endocrinol Metab. 2012; 23: 365–371. doi: 10.1016/j.tem.2012.04.005 PMID:
22609053

24.

Bikman BT, Summers SA. Ceramides as modulators of cellular and whole-body metabolism. J Clin
Invest. 2011; 121: 4222–4230. doi: 10.1172/JCI57144 PMID: 22045572

25.

Kolak M, Westerbacka J, Velagapudi VR, Wågsäter D, Yetukuri L, Makkonen J, et al. Adipose Tissue
Inflammation and Increased Ceramide Content Characterize Subjects With High Liver Fat Content
Independent of Obesity. Diabetes. 2007; 56: 1960–1968. doi: 10.2337/db07-0111 PMID: 17620421

26.

Promrat K, Longato L, Wands JR, de la Monte SM. Weight loss amelioration of non-alcoholic steatohepatitis linked to shifts in hepatic ceramide expression and serum ceramide levels. Hepatol Res. 2011;
41: 754–762. doi: 10.1111/j.1872-034X.2011.00815.x PMID: 21794038

27.

Kasumov T, Li L, Li M, Gulshan K, Kirwan JP, Liu X, et al. Ceramide as a Mediator of Non-Alcoholic
Fatty Liver Disease and Associated Atherosclerosis. PLoS ONE. 2015; 10: e0126910. doi: 10.1371/
journal.pone.0126910 PMID: 25993337

28.

Holland WL, Brozinick JT, Wang L-P, Hawkins ED, Sargent KM, Liu Y, et al. Inhibition of Ceramide Synthesis Ameliorates Glucocorticoid-, Saturated-Fat-, and Obesity-Induced Insulin Resistance. Cell
Metab. 2007; 5: 167–179. doi: 10.1016/j.cmet.2007.01.002 PMID: 17339025

29.

Kurek K, Piotrowska DM, Wiesiołek-Kurek P, Łukaszuk B, Chabowski A, Górski J, et al. Inhibition of
ceramide de novo synthesis reduces liver lipid accumulation in rats with nonalcoholic fatty liver disease.
Liver Int. 2014; 34: 1074–1083. doi: 10.1111/liv.12331 PMID: 24106929

30.

Gill JMR, Sattar N. Ceramides: A new player in the inflammation–insulin resistance paradigm? Diabetologia. 2009; 52: 2475–2477. doi: 10.1007/s00125-009-1546-x PMID: 19802602

31.

Mazière C, Conte M-A, Mazière J-C. Activation of the JAK/STAT pathway by ceramide in cultured
human fibroblasts. FEBS Lett. 2001; 507: 163–168. doi: 10.1016/S0014-5793(01)02977-5 PMID:
11684091

32.

Fillet M, Bentires-Alj M, Deregowski V, Greimers R, Gielen J, Piette J, et al. Mechanisms involved in
exogenous C2- and C6-ceramide-induced cancer cell toxicity. Biochem Pharmacol. 2003; 65: 1633–
1642. doi: 10.1016/S0006-2952(03)00125-4 PMID: 12754099

33.

Demarchi F, Bertoli C, Greer PA, Schneider C. Ceramide triggers an NF-κB-dependent survival pathway through calpain. Cell Death Differ. 2005; 12: 512–522. doi: 10.1038/sj.cdd.4401592 PMID:
15933726

34.

Kreydiyyeh SI, Dakroub Z. Ceramide and its metabolites modulate time-dependently the activity of the
Na+/K+ ATPase in HepG2 cells. Int J Biochem Cell Biol. 2014; 53: 102–107. doi: 10.1016/j.biocel.
2014.04.027 PMID: 24819540

35.

Czaja MJ. JNK regulation of hepatic manifestations of the metabolic syndrome. Trends Endocrinol
Metab. 2010; 21: 707–713. doi: 10.1016/j.tem.2010.08.010 PMID: 20888782

36.

Schattenberg JM, Singh R, Wang Y, Lefkowitch JH, Rigoli RM, Scherer PE, et al. Jnk1 but not jnk2 promotes the development of steatohepatitis in mice. Hepatology. 2006; 43: 163–172. doi: 10.1002/hep.
20999 PMID: 16374858

37.

Davis RJ. Signal Transduction by the JNK Group of MAP Kinases. Cell. 2000; 103: 239–252. doi: 10.
1016/S0092-8674(00)00116-1 PMID: 11057897

PLOS ONE | DOI:10.1371/journal.pone.0147474 January 25, 2016

16 / 18

Hepatic HAMP Transcription Is Stimulated by Ceramide via STAT3

38.

Kurinna SM, Tsao CC, Nica AF, Jiffar T, Ruvolo PP. Ceramide Promotes Apoptosis in Lung CancerDerived A549 Cells by a Mechanism Involving c-Jun NH2-Terminal Kinase. Cancer Res. 2004; 64:
7852–7856. doi: 10.1158/0008-5472.CAN-04-1552 PMID: 15520191

39.

Chen C-L, Lin C-F, Chang W-T, Huang W-C, Teng C-F, Lin Y-S. Ceramide induces p38 MAPK and
JNK activation through a mechanism involving a thioredoxin-interacting protein-mediated pathway.
Blood. 2008; 111: 4365–4374. doi: 10.1182/blood-2007-08-106336 PMID: 18270325

40.

Saslowsky DE, Tanaka N, Reddy KP, Lencer WI. Ceramide activates JNK to inhibit a cAMP-gated K+
conductance and Cl–secretion in intestinal epithelia. FASEB J. 2009; 23: 259–270. doi: 10.1096/fj.08116467 PMID: 18820034

41.

Harrison-Findik DD, Schafer D, Klein E, Timchenko NA, Kulaksiz H, Clemens D, et al. Alcohol Metabolism-mediated Oxidative Stress Down-regulates Hepcidin Transcription and Leads to Increased Duodenal Iron Transporter Expression. J Biol Chem. 2006; 281: 22974–22982. doi: 10.1074/jbc.
M602098200 PMID: 16737972

42.

Saeed M, Suzuki R, Watanabe N, Masaki T, Tomonaga M, Muhammad A, et al. Role of the Endoplasmic Reticulum-associated Degradation (ERAD) Pathway in Degradation of Hepatitis C Virus Envelope
Proteins and Production of Virus Particles. J Biol Chem. 2011; 286: 37264–37273. doi: 10.1074/jbc.
M111.259085 PMID: 21878646

43.

Truksa J, Lee P, Beutler E. The role of STAT, AP-1, E-box and TIEG motifs in the regulation of hepcidin
by IL-6 and BMP-9: lessons from human HAMP and murine Hamp1 and Hamp2 gene promoters. Blood
Cells Mol Dis. 2007; 39: 255–262. doi: 10.1016/j.bcmd.2007.06.014 PMID: 17689119

44.

Falzacappa V, Vittoria M, Vujic Spasic M, Kessler R, Stolte J, Hentze MW, et al. STAT3 Mediates
Hepatic Hepcidin Expression and Its Inflammatory Stimulation. Blood. 2007; 109: 353–358. doi: 10.
1182/blood-2006-07-033969 PMID: 16946298

45.

Cartharius K, Frech K, Grote K, Klocke B, Haltmeier M, Klingenhoff A, et al. MatInspector and beyond:
promoter analysis based on transcription factor binding sites. Bioinformatics. 2005; 21: 2933–2942.
doi: 10.1093/bioinformatics/bti473 PMID: 15860560

46.

Gerjevic LN, Liu N, Lu S, Harrison-Findik DD. Alcohol Activates TGF-Beta but Inhibits BMP ReceptorMediated Smad Signaling and Smad4 Binding to Hepcidin Promoter in the Liver. Int J Hepatol. 2012;
2012. doi: 10.1155/2012/459278

47.

Gentil B, Grimot F, Riva C. Commitment to apoptosis by ceramides depends on mitochondrial respiratory function, cytochrome C release and caspase-3 activation in HEP-G2 cells. Mol Cell Biochem.
2003; 254: 203–210. doi: 10.1023/A:1027359832177 PMID: 14674699

48.

Dobrosotskaya IY, Seegmiller AC, Brown MS, Goldstein JL, Rawson RB. Regulation of SREBP Processing and Membrane Lipid Production by Phospholipids in Drosophila. Science. 2002; 296: 879–
883. doi: 10.1126/science.1071124 PMID: 11988566

49.

Watt MJ, Barnett AC, Bruce CR, Schenk S, Horowitz JF, Hoy AJ. Regulation of plasma ceramide levels
with fatty acid oversupply: evidence that the liver detects and secretes de novo synthesised ceramide.
Diabetologia. 2012; 55: 2741–2746. doi: 10.1007/s00125-012-2649-3 PMID: 22854889

50.

Ganz T. Systemic Iron Homeostasis. Physiol Rev. 2013; 93: 1721–1741. doi: 10.1152/physrev.00008.
2013 PMID: 24137020

51.

Wang R-H, Li C, Xu X, Zheng Y, Xiao C, Zerfas P, et al. A role of SMAD4 in iron metabolism through the
positive regulation of hepcidin expression. Cell Metab. 2005; 2: 399–409. doi: 10.1016/j.cmet.2005.10.
010 PMID: 16330325

52.

Courselaud B, Pigeon C, Inoue Y, Inoue J, Gonzalez FJ, Leroyer P, et al. C/EBPα Regulates Hepatic
Transcription of Hepcidin, an Antimicrobial Peptide and Regulator of Iron Metabolism CROSS-TALK
BETWEEN C/EBP PATHWAY AND IRON METABOLISM. J Biol Chem. 2002; 277: 41163–41170. doi:
10.1074/jbc.M202653200 PMID: 12183449

53.

Schindler C, Levy DE, Decker T. JAK-STAT Signaling: From Interferons to Cytokines. J Biol Chem.
2007; 282: 20059–20063. doi: 10.1074/jbc.R700016200 PMID: 17502367

54.

Bennett BL, Sasaki DT, Murray BW, O’Leary EC, Sakata ST, Xu W, et al. SP600125, an anthrapyrazolone inhibitor of Jun N-terminal kinase. Proc Natl Acad Sci. 2001; 98: 13681–13686. doi: 10.1073/pnas.
251194298 PMID: 11717429

55.

Gong T, Wang Q, Lin Z, Chen M, Sun G. Endoplasmic reticulum (ER) stress inhibitor salubrinal protects
against ceramide-induced SH-SY5Y cell death. Biochem Biophys Res Commun. 2012; 427: 461–465.
doi: 10.1016/j.bbrc.2012.08.068 PMID: 22935424

56.

Contreras C, González-García I, Martínez-Sánchez N, Seoane-Collazo P, Jacas J, Morgan DA, et al.
Central Ceramide-Induced Hypothalamic Lipotoxicity and ER Stress Regulate Energy Balance. Cell
Rep. 2014; 9: 366–377. doi: 10.1016/j.celrep.2014.08.057 PMID: 25284795

PLOS ONE | DOI:10.1371/journal.pone.0147474 January 25, 2016

17 / 18

Hepatic HAMP Transcription Is Stimulated by Ceramide via STAT3

57.

Pehar M, Jonas MC, Hare TM, Puglielli L. SLC33A1/AT-1 Protein Regulates the Induction of Autophagy
Downstream of IRE1/XBP1 Pathway. J Biol Chem. 2012; 287: 29921–29930. doi: 10.1074/jbc.M112.
363911 PMID: 22787145

58.

Vecchi C, Montosi G, Zhang K, Lamberti I, Duncan SA, Kaufman RJ, et al. ER Stress Controls Iron
Metabolism Through Induction of Hepcidin. Science. 2009; 325: 877–880. doi: 10.1126/science.
1176639 PMID: 19679815

59.

Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. XBP1 mRNA Is Induced by ATF6 and Spliced by
IRE1 in Response to ER Stress to Produce a Highly Active Transcription Factor. Cell. 2001; 107: 881–
891. doi: 10.1016/S0092-8674(01)00611-0 PMID: 11779464

60.

Kaufman RJ. Stress signaling from the lumen of the endoplasmic reticulum: coordination of gene transcriptional and translational controls. Genes Dev. 1999; 13: 1211–1233. PMID: 10346810

61.

Diehl AM, Li ZP, Lin HZ, Yang SQ. Cytokines and the pathogenesis of non-alcoholic steatohepatitis.
Gut. 2005; 54: 303–306. doi: 10.1136/gut.2003.024935 PMID: 15647199

62.

Fu S, Yang L, Li P, Hofmann O, Dicker L, Hide W, et al. Aberrant lipid metabolism disrupts calcium
homeostasis causing liver endoplasmic reticulum stress in obesity. Nature. 2011; 473: 528–531. doi:
10.1038/nature09968 PMID: 21532591

63.

Wei Y, Wang D, Topczewski F, Pagliassotti MJ. Saturated Fatty Acids Induce Endoplasmic Reticulum
Stress and Apoptosis Independently of Ceramide in Liver Cells. Am J Physiol—Endocrinol Metab.
2006; 291: E275–E281. doi: 10.1152/ajpendo.00644.2005 PMID: 16492686

PLOS ONE | DOI:10.1371/journal.pone.0147474 January 25, 2016

18 / 18

